Objective Smoking is common in patients with allergic diseases. The aim of this study was to evaluate the cross-sectional association between the current smoking status and total and specific Immunoglobulin E (IgE) levels in Korean adults. Methods Data were obtained from the 2010 Korean National Health and Nutrition Examination Survey, a national cross-sectional study. We analyzed the data of subjects whose smoking status and serum IgE levels were of acceptable quality. Results A total of 1,963 subjects (1,118 never smokers, 340 ex-smokers, and 505 current smokers) were included. The total IgE levels and specific IgE levels to house dust mite Dermatophagoides farinae (Df), cockroach, and dog allergens in never smokers were significantly (p<0.0001) lower than in ex-smokers or current smokers. After adjusting for other variables, current smokers independently had significantly higher levels of total IgE and cockroach-specific IgE than ex-smokers or never smokers. The proportions of subjects with total IgE ! 150 kU/L and specific IgE ! 0.35 kU/L to Df-specific IgE were significantly (p value for trend < 0.05) increased in ex-smokers and current smokers. The total IgE levels and IgE levels specific to Df, cockroaches, and dogs significantly (p value for trend <0.05) and proportionally increased with increasing numbers of cigarettes smoked daily. Conclusion Smoking was associated with elevated total IgE levels and IgE levels specific to Df, cockroach, and dog allergens in a cumulative, dose-dependent manner. Furthermore, current smoking status was an independent risk factor for elevated total IgE levels and IgE levels specific to cockroach allergen.
Introduction
Immunoglobulin E (IgE) is a key mediator in allergic diseases such as allergic rhinitis, allergic asthma, and atopic dermatitis caused by increased Th2 immune response. IgE antibodies specific to foreign proteins or glycoproteins are produced by B cells in the process of sensitization (1) . IgE sensitizes mast cells and basophils by binding to highaffinity receptor for IgE (FcεRI) expressed at the surface of these cells (2) . When IgE-FcεRI complexes are crosslinked by allergens, these cells degranulate and release vasoactive amines, lipid mediators, chemokines, and other cytokines (2) . Several genes associated with asthma and other allergic disease have been identified through genome-wide association studies (3) . However, environmental factors appear to be more important than genetic factors in determining whether or not an atopic individual will develop an allergic disease. The prevalence of allergic diseases has increased worldwide over the last few decades (4) . Many common en-vironmental factors are associated with these trends (4) . Changes towards a westernized, urban, and affluent lifestyle appear to be accompanied by an increasing prevalence of aeroallergen sensitization and atopic diseases (5) (6) (7) .
Smoking is a leading cause of preventable death, contributing to approximately 58,000 deaths annually in South Korea (8) . Tobacco smoke contains carcinogens and high levels of carbon monoxide and nitrogen oxide. It has numerous adverse health effects (9) . Smoking is common in patients with allergic diseases. They show increased levels of total and specific IgE (10) . Asthmatic patients who are active smokers and who have parents or close friends who smoke are more likely to have asthma-associated symptoms (11) . In the Korean general population, a history of smoking is significantly associated with the prevalence of sensitization to house dust mite Dermatophagoides farinae (Df), but not with total IgE levels (12) . There are no clear-cut results regarding the effects of smoking exposure on allergic sensitization or total IgE levels (10), although active or passive tobacco smoke exposure has been found to reduce the risk of allergic sensitization and allergic rhinitis in adults (13) (14) (15) . However, data regarding the association between total IgE levels or IgE levels specific to common allergens and the current smoking status or daily smoking amount in the general population are limited.
The aim of this study was to evaluate the association between a current smoking status and IgE levels in Korean adults based on a cross-sectional study. We also determined the potential effects of smoking status or the amount of smoking on total IgE levels and sensitization to common allergens in this population.
Materials and Methods

Study population
This study was based on data obtained from the 2010 Korean National Health and Nutrition Examination Survey (KNHANES), a national cross-sectional study conducted by the Korea Center for Disease Control and Prevention, Ministry of Health and Welfare in South Korea. The sampling units were households selected via a complex, stratified, multistage probability cluster survey. Its sample included all non-institutionalized civilians aged ! 18 years of South Korea. The probability of being sampled was weighted for each participant. All participants completed a four-part questionnaire exploring health, health behavior, health examinations, and nutrition. All questionnaires were administered by medical doctors and trained interviewers in person at mobile examination centers or at the participant's home. Written informed consent was obtained from all subjects. The Korean Centers for Disease Control and Prevention obtained written informed consent to analyze the subject sera. The study was approved by the Institutional Review Board (IRB) of Korea Centers for Disease Control and Prevention (IRB: 2010-02 CON-21-C).
Data collection
All candidate participants were informed that they had been randomly selected to voluntarily participate in a national representative survey conducted by the Ministry of Health and Welfare of Korea in 2010. They could refuse to participate under the National Health Enhancement Act supported by the National Statistics Law of Korea. Health examinations were conducted in 2010, including medical history-taking, a physical examination, anthropometric measurements, and biochemical data. A questionnaire was used to explore health-related behaviors.
Sociodemographic characteristics including age (years), sex (percentage of individuals of male sex for), education level (percentage of individuals completing middle school or higher education), household income (percentage of households on the lowest 25% of family income), habitation (percentage of subjects living in an urban area), and spouse presence (percent of individuals having a spouse) were obtained from a self-reported questionnaire. Exercise was defined as walking regularly at least five times per week for at least 30 minutes each time or engaging in moderate exercise at least five times per week for at least 30 minutes at a time or vigorous exercise at least three times per week for at least 20 minutes at a time during the survey period. The frequency of alcohol consumption was classified into two categories: <1 time per a month, and ! 1 time per a month. The prevalence of asthma, allergic rhinitis, and atopic dermatitis was assessed based on physician's diagnoses.
Trained medical staff performed physical examinations in accordance with standardized procedures. Body weight and height were measured for subjects wearing light indoor clothing without shoes to the nearest 0.1 kg and 0.1 cm, respectively. The body mass index (BMI) was calculated as the individual's weight in kilograms divided by the square of the height (in meters). The waist circumference was measured using a measuring tape (seca 200, seca Deutschland, Hamburg, Germany) to the nearest 0.1 cm in a horizontal plane at the midpoint between the iliac crest and the costal margin at the end of normal expiration. The percentage of wholebody fat was measured using dual-energy X-ray absorptionmetry (QDR 4500A, Hologic, Waltham, USA) at mobile examination centers operated by licensed and trained technicians following a standard protocol. After a 12-hour overnight fast, blood samples were obtained from antecubital veins, centrifuged, refrigerated at the examination sites, and transferred on ice to a central laboratory in Seoul on the same day.
Definition of smokers and the amount of smoking
Based on their smoking habit, participants were considered nonsmokers (never smoked or smoked <5 packs in their lifetime) or smokers (smoked ! 5 packs in their lifetime). Smokers were divided into ex-smokers and current smokers depending on whether or not they were currently smoking. For current smokers, the average daily amount of All values are expressed as number (%), mean ± SD, or geometric mean (95% confidence interval). BMI: body mass index, WC: waist circumference, IgE: immunoglobulin E cigarettes smoked was determined via self-reported questionnaires.
Total and specific IgE levels
The total IgE level was measured using an ImmunoCAP 100 (Phadia, Uppsala, Sweden) and an immunoradiometric assay with a 1470 WIZARD gamma counter (PerkinElmer, Turku, Finland). The specific IgE levels against Df, cockroach, and dog allergens were measured with the same method. The detection ranges of total IgE and specific IgE levels were 2.00 -5,000.00 kU/L and ! 100.0 kU/L, respectively. Total IgE levels of ! 2.00 kU/L and " 5,000.00 kU/L were scored as 1.99 kU/L and 5,000.01 kU/L, respectively. A specific IgE level of " 100.0 kU/L was scored as 100.01 kU/L. We defined sensitization to an allergen as a total IgE level " 150 kU/L. We defined specific sensitization to Df, cockroach, and dog allergens as a specific IgE level " 0.35 kU/L.
Statistical analyses
Data are expressed as frequencies, percentages, or means with standard deviations. One way analyses of variance and chi-squared tests were used to compare the mean values for continuous variables and percentages for categorical variables. A linear-by-linear association test was employed to explore the associations between sensitization to total or specific IgE and smoking status or the amount of smoking. Multivariate logistic regression analyses were performed to estimate the associations between serum IgE levels and smoking status. We first analyzed non-adjusted variables (Model 1) and then adjusted for age and sex (Model 2). We then (Model 3) adjusted for the variables in Model 2 plus BMI, drinking habit, exercise habit, income, and medical history of asthma, allergic rhinitis, and atopic dermatitis. The SAS version 9.1 software program (SAS Institute, Cary, USA) for Windows was used for all analyses. Statistical significance was considered when a p value was less than 0.05.
Results
Clinical characteristics and IgE levels in subjects by smoking status
The baseline characteristics of the study population are shown in Table 1 . A total of 1,963 subjects were divided into groups of non-smokers (n=1,118), ex-smokers (n=340), and current smokers (n=505) based on the self-reported questionnaires regarding their smoking status. In the total population, men were commonly found to be ex-smokers or current smokers than women. A higher percentage of wholebody fat was associated with never smokers. Ex-or current smokers were more likely to have higher frequency of alcohol drinking and higher education than never smokers. There were no significant differences in the presence of a physician-diagnosed history of asthma, allergic rhinitis, or atopic dermatitis among the three smoking habit groups.
The total serum IgE levels ranged from 1.9 to 500.1 kU/ L. The mean value of total IgE was 99.5 kU/L in all subjects. The total IgE levels in never smokers (geographic mean value, 68.1 kU/L) were significantly (p<0.0001) lower compared than those in ex-smokers (geographic mean value, 114.4 kU/L) or current smokers (geographic mean value, 159.2 kU/L). The specific IgE levels to Df, cockroach, and dog allergens in ex-smokers or current smokers were signifi- cantly (p<0.0001) higher than those in never smokers.
Factors associated with elevated total and specific IgE levels
We adjusted for variables that might influence the association between smoking status and serum IgE levels (Table 2). Without adjusting for any variables, ever-smokers showed significantly higher levels of total IgE levels and IgE levels specific to Df, cockroach, and dog allergens (Model 1) than non-smokers. After adjusting for age and sex, the total IgE levels and IgE levels specific to cockroach allergen were significantly higher in current smokers than in ex-smokers or never smokers (Model 2). There was no significant difference in the IgE levels specific to Df or dog allergen among the three groups. After adjusting for the variables in Model 2 plus BMI, drinking habit, exercise habit, income, and medical history of asthma, allergic rhinitis, and atopic dermatitis, current smokers had independently higher (p<0.05) levels of total and cockroach-specific IgE levels than ex-smokers or never smokers (Model 3). Table 3 shows the total and specific IgE levels for Df, cockroach, and dog allergens according to the current smoking status. The proportion of subjects with total IgE ! 150 kU/L and specific IgE ! 0.35 kU/L to Df was significantly (p value for trend <0.05) higher in ex-smokers and current smokers than in non-smokers. However, there was no significant trend for sensitization to cockroach or dog allergens in never smokers, ex-smokers, or current smokers.
Trends for total and specific IgE levels according to the smoking status and number of cigarettes smoked
The results of linear-by-linear association test according to the number of cigarettes smoked per day are shown in Figure. We divided the subjects into three groups: nonsmokers, current smokers with average <10 cigarettes per day, and current smokers with average ! 10 cigarettes per day. The total IgE levels and IgE levels specific to Df, cockroach, and dog allergens proportionally and significantly (p value for trend <0.05) increased with increasing numbers of cigarettes smoked daily. 
Discussion
We investigated the association between current smoking status and total IgE levels in general Korean adults. The total IgE and IgE levels specific to Df, cockroach, and dog allergens were significantly higher in ex-smokers and current smokers than those in never smokers. In multivariate analyses, current smoking habit was an independent risk factor for high total IgE levels and IgE levels specific to cockroaches. Furthermore, the total IgE levels and IgE levels specific to Df increased with increasing numbers of cigarettes smoked daily.
Cigarette smoke contains many toxic substances and strong pro-inflammatory stimuli. It is widely recognized as a significant risk factor for allergic and respiratory diseases (16) . Active smoking and passive exposure are both risk factors for asthma and allergic rhinitis in adolescents (17) . In patients with asthma, current smoking is associated with a lower pulmonary function and frequent symptoms of asthma, such as recent wheezing and recent exercise-induced wheezing (18) . In addition, active smoking and passive exposure to smokers were associated with increased prevalence of atopic dermatitis in a metaanalysis (19) . According to these reports, an epidemiologically strong association may exist between tobacco smoking and allergic diseases. However, a few studies have shown that smoking does not alter nasal symptoms or the nasalspecific quality of life in patients with allergic rhinitis (10, 20) . Sustained smoking is negatively associated with the development of allergic sensitization to aeroallergens (21) . Such negative associations might be due to the immunosuppressive effect of smoking (21) . Therefore, the impact of smoking on the pathogenesis and symptoms of allergic diseases remains inconclusive. The mechanisms involved in such associations should be further elucidated.
Tobacco smoke has many harmful effects on the immune system, including humoral and cellular immunity (22) . It is well documented that cigarette smoking causes an accumulation of neutrophils and macrophages in human lung tissues and induces Th17-type airway inflammation with airway remodeling (23) . Furthermore, tobacco cigarette smoke exposure reduced the allergen-induced Th2 response and development of airway hyperreactivity in mice (24) . The Th1 response might be augmented under conditions of cigarette smoke-related neutrophil inflammation with underlying allergic inflammation. However, factors such as cigarette smoke may initiate Th2/eosinophilic inflammation in the pathogenesis of allergic diseases. Exposure to cigarette smoke was found capable of enhancing Th2-driven airway inflammation and delaying inhalational tolerance in a murine model of allergic asthma (25) . In steroid-naïve asthmatics, smoking can attenuate age-related decreases in the IgE level and maintain eosinophilic inflammation (26) .
Moerloose et al. showed that smoke and ovalbumin (OVA) exposure augmented the OVA-specific IgE levels in mice (27) . In addition, the numbers of dendritic cells were increased in mice exposed to combined OVA and cigarette smoke, which supports the notion that dendritic cells are important in the induction and maintenance of eosinophilic airway inflammation (28) . Furthermore, cigarette smoke exposure can enhance OVA-specific IgE levels and antigeninduced mast cell activation, thereby exacerbating airway inflammation and remodeling (29) . Although smoking alone induces Th17-type-related inflammation-characterized neutrophils and macrophages, chronic exposure to tobacco smoke in OVA-induced allergic mice enhances mast cell activation and allergic airway inflammation (29, 30) . Our present study showed that smoking was associated with elevated total IgE levels. This increase in the total IgE levels was correlated with a cumulative dose-response effect of smoking exposure. Few data have shown that cigarette smoke can suppress IgE-mediated degranulation and cytokine release in murine mast cells (31) . Our findings are compatible with those of a systematic review and metaanalysis report showing that active smoking is associated with an elevated total IgE level and increased risk of sensitization to common allergens (32) (33) (34) .
Allergies to American house dust mite Df, cockroaches, and dogs are associated with allergic rhinitis and asthma. Smoking increases the permeability of the bronchus and may also increase the access of antigens to antigenpresenting cells, which can promote sensitization to allergens (35) . Lanckacker et al. demonstrated that cigarette smoke and ubiquitous environmental allergens, such as house dust mites, can synergistically result in pronounced Th2-driven airway inflammation in mice (36) . Our results also indicated that tobacco smoke exposure was associated with sensitization to common environmental allergens, such cockroaches and dogs, which is consistent with the results of previous studies (34, 35) . Yao et al. showed that elevated serum cotinine levels were significantly associated with IgE sensitization to cockroaches, with a potential dose-dependent relationship (34) . However, little is known about the possible dose effect of tobacco smoke exposure on allergic sensitization or the effect of tobacco exposure regarding different allergens. Further understanding of how the components of tobacco smoke influence the immune response is necessary.
Smoking remains one of the most prevalent modifiable risk factors for chronic disease in adults. Despite improved understanding in pathophysiology and continual advances in disease management, a small subgroup of allergic diseases remain partially controlled or refractory to standard treatment. Smoking cessation as a confounding factor in asthma, allergic rhinitis, and atopic dermatitis can result in healthier patients by making patients more responsive to medical treatments (37) . Qiaoling et al. showed that tobacco smoke exposure and the serum IgE levels (total or specific IgE) are significantly correlated with the clinical response to allergy immunotherapy in children with asthma and allergic rhinitis (38) .
Several limitations associated with the present study warrant mention. First, the study design was cross-sectional; we were therefore unable to determine the cause-and-effect association in these analyses. Second, we did not obtain any data regarding allergic symptoms or disease status, such as eosinophil counts, spirometric parameters, and exhaled nitric oxide levels, which should be included in future analyses to determine the clinical significance of our findings. Third, the study is subject to recall bias, as physician-diagnosed allergic rhinitis, asthma, and atopic dermatitis were self-reported. Fourth, secondhand smoking was not included in this survey and analysis.
In conclusion, we found that smoke exposure was associated with elevated total IgE levels and IgE levels specific to Df, cockroach, and dog allergens in a cumulative dosedependent manner. In addition, we found that current smoking status was an independent risk factor for elevated total IgE levels and IgE levels specific to cockroach allergen. Therefore, exposure to tobacco smoke should be minimized in order to reduce the risk of allergic sensitization.
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